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Abstract 
To appraise the utility of geophysical techniques for monitoring CO2 injected into saline aquifers, we carried out 
numerical simulations based on an aquifer system underlying a portion of Tokyo Bay and calculated the temporal 
changes in geophysical observables caused by changing underground conditions as computed by the reservoir 
simulation. The applicability of any particular method is likely to be highly site-specific, but the present calculations 
indicate that none of these techniques should be ruled out altogether. In addition to seismic methods (especially 
reflection surveys), micro-gravity surveys appear to be suitable for characterizing long-term changes, and SP 
measurements are quite responsive to short-term disturbances. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
An appropriate monitoring program is indispensable for an individual geological storage project to aid in 
answering various operational questions by detecting changes within the reservoir and providing warning of 
potential leakage through the caprock. Such a program is also useful for reducing uncertainty associated with 
reservoir parameters and improving the predictive capability of reservoir models. Among the various monitoring 
technologies, repeat geophysical measurements at the ground surface are particularly promising for monitoring 
large subsurface volumes.  
The Tokyo Bay area in the southern Kanto plain is a representative industrial area in Japan. A number of large-
scale CO2 emission sources surround the Tokyo Bay. From a geological point of view, sedimentary strata 
underlying the Tokyo Bay area are believed to be suitable for open aquifer CO2 storage (e.g. [1]). Late Pliocene to 
Middle Pleistocene Kazusa Group sediments are found below several hundred meters depth, comprising an 
alternation of turbidite sandstone and pelagic to hemipelagic mudstone. The sandstone is poorly consolidated with 
high porosity and permeability. The mudstone, on the other hand, is well consolidated, having fairly high porosity 
but very low permeability. Below the Boso Peninsula, the Kazusa Group sediments are more than 2,000 meters 
thick, almost un-deformed, and dip to the west toward Tokyo Bay at very low angles (less than 10).  
We carried out numerical simulations of CO2 injection into an aquifer system underlying a portion of the Boso 
Peninsula / Tokyo Bay area and calculated the temporal changes in geophysical observables caused by changing 
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underground conditions as computed by the reservoir simulation. We used the so-called “geophysical 
postprocessors” (e.g. [2]) to calculate the resulting temporal changes in the earth-surface distributions of 
microgravity, electrical self-potential (SP), apparent resistivity (from either DC or MT surveys), and seismic 
observables.  
 
2. Tokyo bay model 
First, we carried out sensitivity analyses to study the effect of key parameters (such as the geothermal gradient, 
the permeabilities of the formations, the residual-gas saturation in the aquifer, the capillary pressure in the seal 
layer, etc.) upon the long-term behavior of the injected CO2. We constructed a three-dimensional model covering 
a 25 15 km2 area (Figure 1) and representing 2500 meters of alternating sandstone- and mudstone-dominated 
formations based broadly upon the geological structure underlying the Tokyo Bay area (Figure 2).   
In the base-case model, the horizontal and vertical permeabilities are simply assumed as 50 mD and 10 mD (1 
mD = 10-15 m2) respectively for the sandstone-dominated (aquifer) formations, and 10 mD and 1 mD respectively 
for the mudstone-dominated (seal) formations. In view of the relative thinness of individual mudstone layers 
compared to the vertical size of the computational grid blocks (=100 meters), we assumed a relatively high 
average permeability for the mudstone-dominated seal formations. The porosity is assumed to be 0.2 for all 
formations. Relative permeability models for CO2 gas and liquid water are represented by Corey type curves (with 
0.1 residual saturation) and van Genuchten type curves (with 0.2 residual saturation), respectively. Capillary 
pressure (gas or liquid CO2 phase vs. aqueous phase) is represented by a van Genuchten-type model, and the 
capillary pressure magnitude is 3.58 kPa when the water saturation is ~0.8 in the base model.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Study area (in the Boso 
Peninsula) considered in the present 
numerical simulation. Upper surface 
elevation (in meters ASL) of the 
Umegase formation, which is assumed 
to be the main reservoir for CO2 
storage, is shown by black contours 
with 50-meter interval. Also shown is 
the assumed CO2 injection site for the 
present study. 
 
Figure 2  Distribution of rock formations in the A-A’ section (x-z plane). The Umegase formation is indicated 
by the violet color. The number of grid blocks is 30, 16 and 23 in the x-, y- and z-directions, respectively. 
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Initially, all of the pore space within the computational grid is full of motionless liquid H2O (with small amount 
of dissolved CO2). At the outer lateral boundaries, the fluid pressure distribution is maintained at the initial 
(hydrostatic) value. At the top boundary, the pressure and temperature are maintained at 1 bar and 15 C, 
respectively. The bottom boundary is impermeable and its temperature varies between 40 C at x = 0 km and 60 
C at x = 25 km (the x-direction is parallel to the A-A’ line in Figure 1 from WNW to ESE). (In the base model, 
we did not try to reproduce the distribution of salinity. So the mass fraction of dissolved NaCl is simply assumed 
to be zero within the entire region.) 
In the present numerical simulations, we used the “STAR” reservoir simulation code [3],[4] with the 
“SQSCO2” fluid constitutive module [5] which represents the thermodynamics and thermo-physical properties of 
H2O-NaCl-CO2 mixtures over the range from liquid-CO2 to supercritical-CO2 conditions including the three-phase 
region (Figure 3).  (After the development of  “SQSCO2”, we performed calculations for several test problems 
previously published in the literature. For test problem #3 in a code inter-comparison project [6], we obtained 
almost the same results (dry-out region development, etc.) as those given by the TOUGH2/ECO2N simulation 
[7].)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We simulated 50 years of injection (at a rate of ten million tons of CO2 per year) into a sandstone-dominated 
layer at 1400 meters depth (the Umegase formation) at the location shown in Figure 1 followed by 1000 years of 
shut-in. The internal energy of the injected CO2 corresponds to a temperature and pressure of ~34 oC and ~144 
bars (same as in situ conditions prior to injection). Figure 4 shows the distribution of pressure, temperature and 
phase saturations at t = 50 years (when injection ceases) and 1050 years (after one thousand years of shut-in).  At t 
= 50 years, the injected CO2 remains as a super-critical free phase with the saturation 0.2 or more within the 
sandstone-dominated layers (the Umegase and underlying Otadai formations). After injection ceases, the CO2 
density decreases (and its volume increases) due to pressure release. The super-critical CO2 then gradually 
migrates upward for hundreds of years due to buoyancy and penetrates into the overlying seal layer (the 
Kokumoto formation). However, the rising gaseous CO2 is then densified at shallower levels as the temperature 
decreases below the critical temperature at sufficiently deep levels and becomes relatively immobile liquid CO2 
condensate. As shown in Figure 5, at t =1050 years about 18 % of the CO2 is trapped as immobile CO2 condensate 
at near-residual saturation, and the remaining CO2 is trapped as dissolved CO2 in the aqueous phase (37 %) and 
 
 
 
Figure 3  Regions considered by the 
“STAR/SQSCO2” equation-of-state package. 
Results will be unreliable in yellow-colored 
areas. 
 
 
 
Figure 4  Pressure (cyan), temperature (red), liquid CO2 (green) 
and gas (black) saturation contours in x-z plane at j=8 at t=50 
and 1050 years. Contour interval is 2 MPa for pressure and 5 oC 
for temperature. Liquid CO2 and gas saturation contour labels 
are 0.005, 0.105, 0.205 and 0.305. The region shown in the 
figure extends 2500 m in the vertical (z)  direction and 10,000 m 
(i=3, …, 19) in the x-direction. 
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super-critical residual gas below the seal layer (45 %). Other similar calculations have shown that if a much lower 
permeability (i.e. 0.1 mD) or a larger capillary pressure is assumed for the seal layer than in the base-case model, 
CO2 intrusion into the seal layer in the post-injection period will become negligible. 
Figure 6 shows the results of a case in which all injection is assumed to take place through individual discrete 
wells instead of distributed volumetric sources. It is assumed that a single well is completed in each injection grid 
block; this means that there are 40 wells. All the injection wells are assumed to be identical with the following 
properties: well radius = 0.1 m, well skin = -5.0, maximum datum level (z = - 1450 mASL) pressure = 194 bars 
(approximately 50 bars above the initial datum level pressure), and desired CO2 injection rate = 250,000 tons/year. 
Datum level pressure histories (Figure 6) display considerable variability from well to well. With the exception of 
two brief early periods, it is possible to maintain CO2 injection at the desired rate (250,000 tons/year per well) 
throughout the 50-year injection period. The total CO2 injection for this case is about 2% less than that for the 
base case, and the phase partitioning for the injected CO2 is essentially the same as that shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Changes in geophysical observables 
Next, returning to the “base case,” we used various “geophysical postprocessors” [2], [8], [9] to calculate time-
dependent earth-surface distributions of seismic observables (from reflection, VSP or tomography surveys), 
microgravity, electrical self-potential (SP), and apparent resistivity (from either DC or MT surveys). The temporal 
changes are caused by changing underground conditions (pressure, temperature, gas saturation, concentrations of 
dissolved species, flow rate, etc.), as computed by the reservoir simulations.  
Figure 7 shows seismic sections calculated by applying the seismic (reflection survey) postprocessor to the 
reservoir simulation results. The reflected waves correspond to the upper and lower boundaries of regions 
containing CO2 gas around the injection wells. The seismic postprocessor calculates the seismic velocity in the 
water-saturated and water/gas two-phase regions using a formulation based upon the Gassmann model (e.g. [10]). 
Figure 8 shows “sounding curves” calculated by using the magnetotelluric (MT) postprocessor. In this 
calculation the postprocessor assumes that the pore fluid salinity is homogeneous at 0.01 below the upper surface 
of the seal layer (the Kokumoto formation), which gives ~2.5 S/m pore fluid conductivity around the injection 
level. Change in the pore fluid conductivity () due to CO2 injection is given so as that  is proportional to the 
square of the aqueous-phase saturation. In shallower levels than the seal layer the bulk conductivity of rock-fluid 
mixture is fixed at 0.01 S/m to represent freshwater regions. As seen in Figure 8, although the apparent resistivity 
of the CO2–saturated region does not change very rapidly, it has increased by 15 % or more after 50 years. 
    
 
Figure 5  Total mass of carbon-dioxide (solid line), mass 
of liquid CO2 (broken line), mass of CO2 dissolved in 
water (dash-dotted line), and mass of gaseous (and super-
critical) CO2 (dash-double dotted line) in the 
computational grid. 
 
 
 
Figure 6  Datum level pressure history for each of the 
40 injection wells.  
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Figure 9 shows changes in earth-surface gravity at t = 50years for the base case. The maximum decrease, which 
appears just above the injection zone, is about 75 Gal. The gravity disturbance grows almost linearly with time  
during the 50 year of injection interval (Figure 11). After shut-in, further gravity decrease takes place up to about t 
= 100 years arising from the upward buoyant migration of the CO2 (Figure 12). However, the rate of further 
gravity change becomes very small after t = 100 years although the upward migration continues for hundreds of 
years after shut-in. This is because the super-critical CO2 entering the Kokumoto seal layer is densified by 
condensation as the temperature decreases below the critical temperature at sufficiently deep levels, and the 
upward movement slows down. 
Figure 10 shows gravity change distribution at t = 50 years for a different scenario in which the injection site is 
shifted more than 7 km to the ESE from the original site shown in Figure 1. At this location, the depth of the 
sandstone-dominated layer (the Umegase formation) into which the CO2 is injected is about 1000 meters, about 
400 meters shallower than in the original injection location. Because of the shallower injection depth, the gravity 
   
 
Figure 7 Seismic section across the center of the calculated region (along 24 km-long A-A’ line shown in Figure 1) 
after 5 year (left) and 50 years (right) of CO2 injection. 
 
           
 
Figure 8 Apparent resistivity (left) and phase angle (right) as a function of frequency of a centrally-located station 
at t = 0, 5 and 50 years. 
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decrease is larger than that of the original case, but the character of the temporal variation is quite similar to that 
of the original case for the first three hundred years (Figure 12).  However, the gravity decrease is accelerated 
after t = 300 years, which is due to a relatively rapid upward migration of gaseous CO2 caused by re-evaporation 
of some of the liquid CO2 condensate at shallower levels than the upper surface of the seal layer. After the 
maximum decrease at t = 600 years the gravity recovers slightly, which is principally due to an increase in the 
fraction of dissolved CO2 during the expansion of the CO2 plume.  
Figure 13 shows downhole borehole-gravity response at the injection location and at a peripheral location for 
the original base-case scenario. At the injection location, pronounced gravity changes appear even as early as t = 5 
years, corresponding to the thickness of the CO2 plume. At the peripheral location, the change in earth-surface 
gravity is small even at t = 50 years (Figure 11), but the borehole response is very apparent particularly after 25 
years or so when the expanding CO2 plume engulfs the borehole location. 
Figure 9  Distribution of gravity change between t = 
0 and 50 years in area extending from -15 km to 5 km 
in the east-west direction and from -10 km to 10 km 
in the north-south direction. Maximum decrease is 
~75 Gal near the injection site centered at -8 km 
east and -1 km north. 
 
Figure 10  Distribution of gravity change between t 
= 0 and 50 years for scenario of the ESE injection. 
The area covered is the same as that of Figure 9. 
Maximum decrease is ~115 Gal near the injection 
site centered at -1 km east and -4 km north. 
 
Figure 11   Change in gravity from t = 0 to 50 years for 
the base case scenario at two stations located at (-8 
kmE, -1 kmN) and ( -5 kmE, -1 kmN). 
Figure 12  Change in gravity from t = 0 to 1050 years 
at centrally-located station in the injection site for the 
base and the ESE injection scenarios. 
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Figure 14 shows change in self-potential (SP) at t = 5 years; the maximum increase, which appears just above 
the injection zone, is more than 130 mV. The self-potential postprocessor calculates changes in subsurface 
electrical potential induced by pressure disturbances through electrokinetic coupling [8]. Since the permeability of 
the seal layer (the Kokumoto formation) is relatively large in the base-case model, a  pressure disturbance 
propagates to shallower levels where a transition zone between the shallower fresh and deeper saline water is 
assumed to be present as in the MT calculations. This transition zone acts as an interface between regions of 
different streaming potential coefficient. Pressure increases about 5 bars around this interface, which is located at 
a depth of ~1000 meters at the injection location, bringing about a positive change of 130 mV at the earth surface 
(see the vertical section in Figure 14).  In the present model, this obvious SP change develops rapidly with 
pressure increase for the first few years and persists until shut-in at t = 50 years. After shut-in, SP disturbance 
gradually declines as pressures return to their original levels. 
 
 
                
                      
 
 
 
 
 
Figure 13  Borehole gravity response for the base scenario at selected times at stations located at (-8 kmE,  
-1 kmN) and (-5 kmE, -1 kmN). 
Figure 14  Distribution of self-potential at the earth’s 
surface (upper) and a vertical section (lower) for the 
base-case scenario at t = 5 years. The area represented 
is the same as that of Figure 9. Contour interval is 5 mV 
and the yellow color denotes positive SP. 
Figure 15  Distribution of self-potential at the earth’s 
surface (upper) and a vertical section (lower) for the ESE 
injection scenario at t = 5 years. The area represented is 
the same as that of Fig.9. Contour interval is 5 mV and 
the yellow color denotes positive SP.  
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In the case of the ESE injection scenario, SP also increases more than 130 mV around the injection site (Figure 
15). The spatial extent of the SP increase is narrower than that of the original case (Figure 14) due to the shallower 
location of the transition zone between the freshwater and saline-water layers. 
 
4. Concluding remarks 
Of course, the applicability of any particular method is likely to be highly site-specific, but the present 
calculations indicate that none of these techniques should be ruled out altogether. In addition to seismic methods 
(especially reflection surveys, e.g. [11]), micro-gravity surveys appear to be suitable for characterizing long-term 
changes, and SP measurements are quite responsive to short-term disturbances.  
The computed gravity changes suggest that microgravity monitoring can be used to characterize the subsurface 
flow of CO2 injected into underground aquifers. Gravity monitoring results are sensitive to the lateral migration of 
the CO2-rich phases (both liquid condensate and particularly gaseous CO2). Gravity monitoring may also be useful 
for assessing the suitability of particular disposal aquifers for CO2 sequestration. If the geothermal gradient is low 
as is observed in a portion of the Tokyo Bay area, the predicted decrease in gravity is quite small considering the 
relatively large injection rate. Even if the (super-critical) gaseous CO2 gradually migrates upward for hundreds of 
years after injection, the gaseous CO2 will be densified as the temperature decreases below the critical temperature 
at sufficiently deep levels and become relatively immobile liquid condensate, which is much less likely to escape 
the aquifer than highly buoyant, low-viscosity CO2 gas. When this occurs, the gravity change is very slight during 
the 1000-year post-injection period. Considering the current advanced technology for field measurements [12], 
[13], micro-gravity monitoring is thought to be a very promising technique for evaluating CO2 geological storage.   
The self-potential postprocessor calculates changes in subsurface electrical potential induced by pressure 
disturbances through electrokinetic coupling. If the permeability of the seal layer overlying the injection zone is 
not too small, substantial SP changes will appear at the earth surface during the first few years of injection. At 
least in coastal and estuarine environments, this large change is produced by a pressure increase of several bars at 
the interface between the shallower fresh and deeper saline water layers, which acts as an interface between 
regions of different streaming potential coefficient. If a discontinuity of streaming potential coefficient is present, 
SP monitoring can be an effective technique for monitoring pressure changes near the interface at depth. 
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